Purpose: Hemodynamic atlases can add to the pathophysiological understanding of cardiac diseases. This study proposes a method to create hemodynamic atlases using 4D Flow magnetic resonance imaging (MRI). The method is demonstrated for kinetic energy (KE) and helicity density (H d ). Materials and Methods: Thirteen healthy subjects underwent 4D Flow MRI at 3T. Phase-contrast magnetic resonance cardioangiographies (PC-MRCAs) and an average heart were created and segmented. The PC-MRCAs, KE, and H d were nonrigidly registered to the average heart to create atlases. The method was compared with 1) rigid, 2) affine registration of the PC-MRCAs, and 3) affine registration of segmentations. The peak and mean KE and H d before and after registration were calculated to evaluate interpolation error due to nonrigid registration. Results: The segmentations deformed using nonrigid registration overlapped (median: 92.3%) more than rigid (23.1%, P < 0.001), and affine registration of PC-MRCAs (38.5%, P < 0.001) and affine registration of segmentations (61.5%, P < 0.001). The peak KE was 4.9 mJ using the proposed method and affine registration of segmentations (P 5 0.91), 3.5 mJ using rigid registration (P < 0.001), and 4.2 mJ using affine registration of the PC-MRCAs (P < 0.001). The mean KE was 1.1 mJ using the proposed method, 0.8 mJ using rigid registration (P < 0.001), 0.9 mJ using affine registration of the PC-MRCAs (P < 0.001), and 1.0 mJ using affine registration of segmentations (P 5 0.028). The interpolation error was 5.2 6 2.6% at mid-systole, 2.8 6 3.8% at early diastole for peak KE; 9.6 6 9.3% at mid-systole, 4.0 6 4.6% at early diastole, and 4.9 6 4.6% at late diastole for peak H d . The mean KE and H d were not affected by interpolation. Conclusion: Hemodynamic atlases can be obtained with minimal user interaction using nonrigid registration of 4D Flow MRI. Level of Evidence: 2 Technical Efficacy: Stage 1
S
everal myocardial and heart valve diseases are characterized by abnormalities in heart anatomy concomitant with altered hemodynamics. [1] [2] [3] [4] Previous studies have demonstrated that in patients with cardiac diseases such as cardiomyopathy, valvular regurgitation, and conduction disorders, the intraventricular flow patterns are deranged, including impaired vortex formation [5] [6] [7] and altered kinetic energy profiles. 8, 9 Similar abnormalities are also observed in other hemodynamic parameters, which could contribute to the progression of ventricular remodeling and dysfunction. [10] [11] [12] [13] [14] Visualization and quantification of intracardiac blood flow and the derived hemodynamic parameters are therefore essential to evaluate cardiac function and dysfunction. 12, 15, 16 One of the emerging techniques that enables visualization and quantification of cardiac blood flow is 4D Flow magnetic resonance imaging (MRI), which provides time-resolved three-directional blood flow information. [17] [18] [19] The reduction of scan time introduced by new acceleration techniques has already led to an increase in the number of studies based on this type of acquisition. [20] [21] [22] With further improvements in acquisition and data processing techniques, one can expect that 4D Flow MRI will continue to develop in both research and clinical settings. Although 4D Flow MRI data provides valuable information, its analysis is challenging when a group of subjects are studied. In most of the 4D Flow MRI studies, the data are either visualized individually, or the cardiac flow is simplified to a single or a few values. 3, 11, 23 While the former approach is not feasible for the studies with more than a few subjects, the latter does not represent the full 4D behavior of the cardiac flow. In an alternative approach, 4D Flow MRI data can be analyzed by obtaining hemodynamic atlases. Some attempts have been made to obtain hemodynamic atlases based on 4D Flow MRI in large vessels. 24, 25 Van Ooij et al introduced a method to derive a 3D wall shear stress (WSS) atlas in the aorta using 4D Flow MRI. 24 In their study, the aortas of a group of subjects were segmented and aligned with a cohort-specific aorta geometry using affine registration. After projecting the WSS values, the average and the standard deviation of the WSS were quantified. In another study, Van Ooij et al obtained the WSS distribution of patients with bicuspid aortic valve disease and the aortic WSS atlas of a healthy population. 25 They found that the regions of elevated WSS in these patients relative to the healthy WSS atlas coincide with the aortic regions to be resected. Their approach might be extended to obtain the atlases of similar hemodynamic parameters in other great vessels and also in the heart. However, segmentation of each individual subject is necessary for this approach, which is not feasible for studies conducted with a larger number of subjects, and is very challenging for cardiac 4D Flow MRI data. In addition, the global registration methods such as rigid and affine registration can result in insufficient alignment of anatomical structures, resulting in a severe smoothing of the averaged images. While rigid registration performs a global transformation of the images by translation and rotation, affine registration additionally includes scaling and shearing, which results in a global deformation. On the other hand, nonrigid registration performs elastic deformations and local alignment of anatomical features.
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To obtain hemodynamic atlases with higher quality, the use of more advanced methods such as nonrigid registration is expected to be necessary. In this study, the aim is to obtain more accurate hemodynamic atlases of 4D Flow MRI images with minimal user interaction using nonrigid deformation.
Materials and Methods

Study Population and MR Examination
Thirteen healthy subjects (eight females and five males, 31 6 12 years, resting heart rate 64 6 9 bpm) with no prior or current cardiovascular disease were included in the study. All subjects gave informed consent and the study was approved by the Regional Ethical Review Board.
These subjects underwent cardiac MRI on a clinical 3T MR scanner (Philips Achieva, Phillips Medical Systems, Best, The Netherlands) using a 32-element phased-array coil system. The MR protocol included 4D Flow MRI of the left heart and the morphological long and short axis data of the left ventricle (LV) without contrast agent. Data were acquired during free breathing using retrospective ECG and respiratory gating. The 4D Flow MRI acquisition parameters included velocity encoding (venc) 120-150 cm/s, flip angle 58, repetition time 5.2 msec, echo time 3 msec, echo train length 2, spatial resolution 2.7 3 2.7 3 2.7 mm 3 , field of view 300 3 300 3 120 mm 3 , parallel imaging (SENSE) with a reduction factor of 3 and a k-space segmentation factor of 2. For the navigator gating, an adaptive acceptance window ranging between 5 mm and 20 mm was used. The navigator gated scans were $15 minutes. The effective temporal resolution was 41.6 msec and the velocity data were reconstructed into 40 time frames. The data were corrected for concomitant gradient fields on the scanner. The postprocessing included correction for phase wraps using a temporal phase unwrapping method, 27 and correction for eddy-current distortions using a weighted second order fit to static tissue.
Temporal Alignment
4D phase contrast magnetic resonance cardioangiographies (PCMRCAs) were created, by combining 4D Flow MRI magnitude and velocity data. The PC-MRCAs are the improved, timeresolved phase contrast MR angiograms obtained by registering different time frames. A brief description of the process is included in Supplemental Material Appendix A. The details of creating PCMRCAs are described elsewhere. 28 The mid-systolic time frame, defined as the time frame of peak flow over the aortic valve, and the early and late diastolic time frames, defined as the time frames of the two consecutive peak flows observed in the mitral valve, were found by using the velocities measured by the 4D Flow MRI. The PC-MRCAs were temporally aligned at the time frames of mid-systole, early diastole, and late diastole. The intermediate time frames between mid-systole, early and late diastole were linearly interpolated, resulting in 40 time frames per cardiac cycle. The temporal alignment was visually inspected by plotting flow waveform of each individual after registration to the average heart.
Creating an Average Heart
First, the PC-MRCAs were rigidly registered to one of the subjects, referred to as "Subject 1." The PC-MRCA of Subject 1 was then nonrigidly registered to all PC-MRCAs to obtain 4D deformation fields. 29 The deformation fields obtained from the registrations were averaged and applied to the PC-MRCA of Subject 1, which resulted in a time-resolved 3D data referred to as "average heart." The workflow to create the average heart is shown in Fig. 1 . The LV, left atrium (LA), and ascending aorta of the average heart were manually segmented by one researcher (M.C.) at mid-systole, early and late diastole using the open source software ITK-SNAP. 30 
Registration of Each Individual Dataset to the Average Heart
After creating the average heart, the PC-MRCAs were nonrigidly registered to the average heart. The deformations obtained from these registrations were then applied to the manual segmentations on the PC-MRCAs.
The nonrigid registrations were executed using the Morphon method. 31, 32 Morphon method deforms a prototype image into a target image by estimating the local displacements to make the prototype image similar to the target image. The Morphon method continues deformation in an iterative manner, but fluid and elastic regularizations constrain the deformation permitted in order to generate plausible transformations. 33 The registrations were performed using three scales (2.7 mm, 5.4 mm, 10.8 mm), five iterations per scale, and linear interpolation, which were optimized by evaluating different parameters and the computational cost. All registrations were performed using an in-house software package implemented in MatLab (MathWorks, Natick, MA) on a desktop computer (Intel Xeon 12 core processors, 2.50 GHz CPU, and 64 GB RAM). The registration took $2 minutes per time frame. The total computational time for creating the average heart and registering individual subjects to the average heart for all time frames was $20 hours.
Kinetic Energy and Helicity Density Atlases
The proposed method was demonstrated by creating the atlases of intracardiac kinetic energy (KE) and helicity density (H d ), which are flow parameters previously associated with several cardiovascular diseases such as ventricular remodeling, aortic and mitral valve regurgitation, and aortic dilatation. 8, 9, 12, 15, 34, 35 KE and H d were derived from the 4D Flow MRI velocities. KE was calculated per voxel as:
where q is the blood density, dV is the unit voxel volume, and v is the speed of blood. The blood density was assumed to be 1060 kg/m 3 . H d was calculated as:
whereũ is the velocity in three directions, and curlðũÞ is the vorticity per voxel. These parameters were calculated before registration to the average heart. The deformation fields obtained using the nonrigid registrations were applied to the intensity images representing the hemodynamic parameters. These deformations were performed using cubic interpolation. The registered hemodynamic parameters were then averaged to obtain the hemodynamic atlases. The workflow to obtain the KE atlas is shown in Fig. 2 , which also represents the workflow to generate the H d atlas.
Evaluation
The proposed method, which uses nonrigid registration to create hemodynamic atlases, was compared with those based on rigid and affine registration. The LV, LA, and the ascending aorta of each individual subject at early diastole were segmented from the PC-MRCAs before registration. These segmentations were deformed using the deformation field obtained by nonrigid registration of the PC-MRCAs to the average heart. The segmentations deformed nonrigidly were compared with the same segmentations deformed using 1) rigid registration of the PC-MRCAs to the average heart, 2) affine registration of the PC-MRCAs to the average heart, and 3) affine registration of the segmentations to the segmentation of the average heart. The overlap volume between the deformed individual segmentations and the segmentation of the average heart was calculated and normalized with the volume of the average heart segmentation. The registration accuracy was evaluated by calculating the median and the interquartile range (IQR) of the overlap volumes in percentages.
The effect of the registration method on the derived parameters was investigated for the KE at early diastole by comparing the derived atlases using the registration methods described above. The peak (99 th percentile) and the mean values of the KE atlases obtained by using different registration methods were compared. The KE and H d atlases were shown as maximum intensity projection (MIP) images in three orientations or in a single slice. The averaged deformation field was also included to show the heterogeneity of the left heart anatomy within this group of healthy subjects.
The effect of change in the population size on the hemodynamic atlases was evaluated by performing Monte Carlo simulations. The mean and peak KE of KE atlases based on all possible subsets of the study population (n 5 8191) were calculated at midsystole, early diastole, and late diastole using nonrigid registration of the PC-MRCAs. The results are presented as histogram plots.
The interpolation error resulting from the nonrigid registration was assessed at mid-systole, early diastole, and late diastole by comparing the peak and mean KE and H d of each subject before and after registration to the average heart. The values are represented as mean 6 standard deviation.
The registration accuracy of different methods was assessed using Wilcoxon signed-rank test and the interpolation error in peak and mean KE and H d were assessed using a paired t-test, and a significance level of P < 0.05 was considered statistically significant.
Results
In Fig. 3a , MIPs of the KE atlas obtained using the proposed method are shown at mid-systole, early diastole, and late diastole. The KE was found highest in the aorta at midsystole. At early diastole, the KE was lower, and the peak KE was close to the mitral valve in the LV. At late diastole, the KE was even lower, and the highest KE was observed in the vicinity of the left atrial appendage (LAA) inlet, possibly caused by flow from the LAA into the LA. The standard deviation of the KE was higher in the regions of higher mean KE. Figure 3b illustrates the mean KE over one cardiac cycle. Figure 4 shows the KE atlas, the standard deviation, and the average deformation field in a single slice at early diastole. The deformation field shows that the apical half of the LV, the posterior part of the LA, and the proximal ascending aorta had the most anatomical variety between subjects.
The H d atlas and the standard deviation of the H d obtained using the proposed method are shown in Fig. 5a . The absolute magnitude of H d was found to be highest in the aorta at mid-systole, and in the LV at early diastole. At late diastole, the absolute magnitude of H d was lower. 
Evaluation
All PC-MRCAs were successfully registered to the average heart. Figure 6 shows the overlap of the manual segmentations deformed using (Fig. 6a) nonrigid, (b) rigid, (c) affine registration of the PC-MRCAs, and (d) affine registration of the manual segmentations. The median and IQR of the overlap volume were 92.3% and 61.5% for nonrigid registration, which was higher than those obtained for rigid registration of the PC-MRCAs (23.1% and 46.1%, P < 0.001), affine registration of the PC-MRCAs (38.5% and 61.5%, P < 0.001), The KE images were also nonrigidly registered to the average heart by using the deformation fields obtained from part (a). (c) The nonrigidly registered kinetic energy images were averaged and the kinetic energy atlas was obtained. 
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and affine registration of the segmentations (61.5% and 84.6%, P < 0.001). Figure 7 shows the MIP of the KE atlases at early diastole based on (Fig. 7a) nonrigid, (b) rigid, (c) affine registration of the PC-MRCAs, and (d) affine registration of the manual segmentations. The mean of the KE atlas obtained using nonrigid registration of the PC-MRCAs (1.1 mJ) was significantly higher than that obtained using rigid registration of the PC-MRCAs (0.8 mJ, P < 0.001), affine registration of the PC-MRCAs (0.9 mJ, P < 0.001), and affine registration of the segmentations (1.0 mJ, P 5 0.028). The peak of the KE atlas obtained using nonrigid registration of the PC-MRCAs (4.9 mJ) was similar to that obtained using affine registration of the segmentations (4.9 mJ, P 5 0.91), but higher than the affine registration (4.2 mJ, P < 0.001) and rigid registration (3.5 mJ, P < 0.001) of the PC-MRCAs. The rigid and affine registration of the PC-MRCAs also resulted in higher standard deviation of the KE (mean 0.9 mJ and 0.8 mJ, respectively) relative to the nonrigid registration of the PC-MRCAs (mean 0.6 mJ, P < 0.001) and the affine registration of the segmentations (mean 0.6 mJ, P < 0.001). The overlap of the deformed segmentations as well as the mean and peak KE and H d were calculated for LA and LV separately using different registration methods which can be found in Appendix B.
The histogram plots showing the mean and peak KE of the KE atlases based on all possible subsets of the study population are presented in Fig. 8 . The mean KE of all possible KE atlases was 2.2 6 0.1 mJ at mid-systole, 1.1 6 0.1 mJ at early diastole, and 0.2 6 0.0 mJ at late diastole. The peak KE was 14.2 6 0.9 mJ at mid-systole, 5.0 6 0.5 mJ at early diastole, and 1.7 6 0.3 mJ at late diastole. The mean and peak KE of the largest subset (n 5 13) was approximated with an accuracy of 10% for the subsets including more than seven subjects. Figure 9 shows the MIP of the KE of a representative subject before and after nonrigid registration to the average heart. The results are presented at mid-systole, early diastole, and late diastole. As can be seen, the patterns of high and low KE remained similar after registering to the average heart, although the peak values decreased after the registration. These observations were also valid for H d (data not shown). Table 1 shows the peak KE and H d , the mean KE and H d in the LV, and in the LA at mid-systole, early diastole, and late diastole before and after nonrigid registration. Note that the peak and mean H d calculations are based on the absolute magnitude of the H d . The peak KE was significantly underestimated after registration. The underestimation due to registration was 5.2 6 2.6% at mid-systole (P < 0.001), and 2.8 6 3.8% at early diastole (P 5 0.01). No significant difference was found in peak KE before and after registration at late diastole (P 5 0.44). The mean KE in the LV and LA remained the same after registration at all time frames. The peak H d was underestimated after registration to the average heart. The underestimation was 9.6 6 9.3% at mid-systole (P 5 0.006), 4.0 6 4.6% at early diastole (P 5 0.002), and 4.9 6 4.6% at late diastole (P 5 0.004). The mean H d values remained the same after registration.
Discussion
In this study a method was introduced to obtain 4D hemodynamic atlases using cardiac 4D Flow MRI, here demonstrated specifically for cardiac KE and H d . The proposed method registers anatomical parts, hence reduces the morphological differences between subjects, which permits the calculation of hemodynamic atlases. The main advantages of this method are that it enables improved atlas accuracy over rigid and affine registration-based atlases, it does not require segmentation of every subject, and it is automated. The nonrigid registrations were performed using FIGURE 9: MIP of the kinetic energy (mJ) of one representative subject in three orientations: three-chamber view, short-axis view, and two-chamber view. Top: mid-systole, middle: early diastole, and bottom: late diastole. Left: before nonrigid registration, right: after nonrigid registration to the average heart. the Morphon method, which has the main advantage of being robust and tolerant to grayscale variation between images.
The comparison between nonrigid and other registration methods showed that local alignment of anatomical features is necessary for a better estimation of the hemodynamic atlases. Although KE patterns could still be observed when rigid and affine registration were used, the values of the KE atlas, especially the peak values, were largely underestimated. In addition, the standard deviation values were found to be higher and more scattered. The nonrigid registration of anatomical features resulted in lower standard deviations, as well as higher values in the hemodynamic atlas. The KE atlas obtained using nonrigid registration of the PC-MRCAs resulted in a similar KE atlas to that obtained using affine registration of the manual segmentations. The latter approach, however, requires segmentation of each individual subject, which is a considerable disadvantage if segmentation is performed manually, and if a large of number of subjects is included in the study.
The hemodynamic atlases and the standard deviations depend on both the anatomical alignment, and the temporal alignment of the heart phases. Temporal registration, which is performed to avoid intersubject variability between the heart phases, might fail in a large heterogeneous group of subjects. For a heterogeneous group, further subdivision of the subjects might be required according to their cardiac cycles. The spatial registration using the proposed method was evaluated by calculating the overlap of the deformed segmentations and was found to be above 90%. The registration accuracy would be dependent on the time frame that the registration was performed. It is expected to be lower at diastolic time frames in the LV due to lower blood velocities inside the heart, resulting in less contrast in the PC-MRCA data. The authors do not expect a major effect if the spatial and temporal resolution of the images are changed, but the registration accuracy increases by using artifact-free images with high signal-to-noise ratio, which might be reflected by lower standard deviations.
The proposed method was used to demonstrate the characteristics of blood flow in the left heart of healthy subjects. In this healthy group, the aortic root at mid-systole and the vicinity of the mitral valve at early diastole were found to be the regions with higher values of KE and low values of standard deviation in the generated atlas. Regions with elevated KE were also found in the KE atlas in the mid-ventricle at early diastole and late diastole, but with higher values of standard deviation, indicating that the KE in these regions varied in location and/or intensity within the group. The distribution of KE in the atlas was in agreement with the literature. 11, 14, 36, 37 within the group. The magnitude of H d was higher at the aortic valve area due to the curvature of the aortic arch. 38, 39 The standard deviation of H d was higher towards the aortic arch, indicating larger variations between subjects in that region. Helicity density is a hemodynamic parameter with a 6 sign given according to the direction of the helical flow.
In the areas of helical flow, ie, in the vicinity of mitral valve at early diastole, helical flow structures are observed in both directions. 40, 41 The spatial variation in the direction of the helical flow reduces the average helicity density in the atlas and increases the standard deviation, reflecting the variation of the parameter. The Monte Carlo simulations resulted in low standard deviations of the mean and peak KE, showing that the dependency of the results on the size of the group was small in healthy subjects. If a relatively small number of the subjects is included, the mean and peak kinetic energy values were slightly biased depending on the subjects included. As the number of subjects increased, ie, above seven, the effect of including/subtracting subjects was already decreasing, indicating that a relatively low number of subjects is sufficient to create an atlas for KE.
In this study we present and evaluate a novel method to create hemodynamic atlases in a healthy group. A healthy hemodynamic atlas provides information about the expected flow patterns, the range of the expected values, and the variability within healthy subjects. The comparison between healthy hemodynamic atlases and individual patients can be used to detect pathologies. Van Ooij et al used the healthy hemodynamic atlases of the aorta to detect the regions with abnormal blood flow in patients with a bicuspid aortic valve. 24 They assessed the size and the position of aortic regions with hemodynamic values deviating more than two standard deviations compared to the healthy hemodynamic atlas. Accordingly, a healthy hemodynamic cardiac atlas can be used as an additional diagnostic tool. The hemodynamic atlases of different patient groups can also facilitate comparison of different groups of patients, or comparison of individual patients with patient atlases. A hemodynamic atlas of a patient group and its standard deviation can provide information about the variability of the hemodynamic parameters for a specific disease. The individual patients can be classified by evaluating the differences and similarities relative to the atlases. Future studies need to be conducted to create hemodynamic atlases for different patient cohorts.
The KE and the H d were the only hemodynamic parameters evaluated in the left heart. However, the presented method is not restricted to these flow parameters, as it can be applied to almost any hemodynamic parameter, such as turbulent kinetic energy, energy loss, vorticity, speed, etc. In addition, the hemodynamic atlases can be created for the right heart as well as other large vessels.
Although nonrigid registration of the anatomical features is the strength of the method, it also leads to some limitations. The main disadvantages of nonrigid registration compared to rigid registration are that nonrigid registration has higher computational cost and possibly leads to more smoothing due to interpolation. When the registrations were applied, the intensity images representing the hemodynamic parameters were deformed and interpolated. The peak values of the hemodynamic parameters were therefore slightly underestimated (5.2 6 2.6% for KE and 9.6 6 9.3% for H d at mid-systole). Nevertheless, the mean values were not influenced by the registration. Note that the nonrigid registration was performed without taking conservation of mass and momentum into account. Consequently, the continuity equation might not be satisfied after the deformation fields were applied. One remedy might be to correct the hemodynamic parameters proportionally to the deformation of the images.
In this study the nonrigid registration method could not be fully validated due to the lack of ground truth in creating hemodynamic atlases. Hence, the proposed method was compared only with other registration methods and evaluated using measures such as registration accuracy and interpolation error. Since this was a pilot study to evaluate the method proposed for creating hemodynamic atlases, the study was conducted on a limited number of subjects. Finally, the method was evaluated only for healthy subjects. Future studies should be performed using a larger number of subjects including different patient groups.
In conclusion, this study showed that hemodynamic atlases can be accurately obtained with minimal user interaction using nonrigid registration of 4D Flow MRI. The hemodynamic atlases can add to the pathophysiological understanding of a wide range of cardiac diseases, and can facilitate comparison between individual subjects or groups of subjects.
